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TECHNICALNOTE NO. 17X5

Mo- DIAGRME FOR AIR SATUMED WITH

WA!I!ERV.R AT ll)W~

By ReeceV. Hensley

TWO Mollier diagrams relating the thermodynamicpropertiesof
air satmted with watervaporin equikLbriumwith water and with ice
at low temperaturesare presented. The develqment of the chartsis
givenand theiruse in the solution& problemsinvolvlngthenno-
dyaamicprocessesof mixturesof air and water is explained.A tem-
peraturerangeof 4000to 540°R and a pressurerangeof 2 to
28 poundsper squareinchabsolutewere chosen”in orderthat the
chartswouldbe of greatestutilityin conside~ problemscon-
cernedwith the icingof aircraft. Seve~l examplesthat illustrate
the use of the d3agramsare presented.

INTRODUCTION

In problemsinvolvingthe thermoQnamiopropertiesof a mix-
ture of air and water vapor, the enthalpyand the entropyare often
of much greaterutilitythan othermore easilydeterminedcharacter-
isticsof the mixkure. The enthalpyand the entropyof a compres-
siblefluidcan be convenientlypresented.as a Mollierdiagramthat
relatesthesecharacteristicsto otherfundamentalpropertiesof
the fluid.

(

TwoMollier diagramsfor air satuz&tedwith watervaporwere
preparedat the NAM Clevelandlaboratoryand are presented. The
diagramsrepresenttwo conditions:One diagramis applicablewhen
vapor-liquidequilibriumexistsover the entiretemperaturerange
considered;whereasthe otherdiagzamshouldbe used if vapo~solid
equilibriumetistsfor subfreezingtemperaturesand vapor-liquid
equilibriumfor highertemperatures.Thesediagramsare usefulin
dealingwith the propertiesof saturatedmixturesd air and water
vaporor mixturescontainingwater in excessof the satumtion
quantityin,varioustypesof thermodynamicprocessand in the solu-
tionof problems,Jnvolvingthe icingof aircraftcomponents.
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2 NACA ~ NO. 1715

!Cheevaluationof the contributionsof the liquid-wateror ice
contentto the enthalpyand the entropyof a systemis considered.
Thesecontributorytermsmust be evaluatedwhen mixtureswith water
in excessof the satumtion quantityare considered.

The use of the chartsin the solutionof thermod-c and
icingproblemsis illustratedby emmples tivolvingseveml of the
variousthermodynamicprocessesfor which the chartsmay be used
to advantage. .

BASICASSUMPTIONS

In the calculationof datafor the Mollierddagrams,complete
saturationat all pointswas assumed. This assumptionimpliesthe
etistenceof both temperatureand phaseequilibriumbetweenthe
vaporand liquid(orsolid)statesat all points.

The developmentof the diagramsis basedon the applicability
of the characteristicequationof a perfectgas to the air aud the
watervaporover the temperatureand pressurerange consideredand
on the use of Daltonrs law of pmtial pressures. l@thodsfor cal-
culatingthe data requiredfor construction of the Mwrams ~
togetherwith the equtions used in the derivation,are presented
in the appendix.

The referencetempenture and pressurewere chosenas 400°R
dnd 14.696poundsper squareinchabsolute,respectively.This
choiceof referencevaluesfacilitatesthe use of the chartsin the
rengeof variablescoveredand integratesthe use of the charts
with existingtabulardata on the thermod-ic ~operties of air
and water. The enthalpyand the entropyof liquidwater at the
base temperatureand pressurewere takenas zero.

DISCRETION OF CHARTS

The entropyin Btu per poundof air per OR and the enthalpyh
Btu per poundof air of the e-at-ted mixtur”eof air and watervapor
are plottedas the abscissaand the oriklnate,respectively,in the
Mol~er ~ (figs.1 @ 2). The chartvaluesare for 1 yound
of air plus the amountof watervapornecessaryfor saturation.The
scalesused in the constructionof the chartsare suchthat the
accuracyobtainableis adequatefor engineeringpurposes.

Linesof constantpressure,constanttempemture,and constant
water-vaporcontentare also plottedin the figures. Constantpres-
suresare represented by the solidlineswith slopesof appcdmately1.

.
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Constanttemperaturesare shownby the dashedlinesthatare approx-
imatelyhorizontalfor the lowesttemperatures,but have increasing
slopes,forthe highertemperatures.The dash-dotlineswith negative ,,
slopesrepresentconstantproportionsby weightof watervaporand
air (constant-saturationhumidityratios). Plotsof the antropyof
liquidwaterand of ioe overthe tempemture rangeconsideredare
also included.in figures1 and 2, respectively.A curveof the
enthalpyof ice in the sulxfreezing-tempemturemnge is alsogiven
in figure2.

A temperaturerangefrom 400°to 540°R and a pressurerange
from 2 to 28 poundsper squazwinchabsoluteare coveredby these
~s.

, USES OF CHARTS

The accmpmying M311ierdiagmms (figs.1 and 2) are of
greatestutilityin the considerationof thermodynamicprocesses
wherethe enthalpyand entropyof air that is continuouslysat-
uratedwithwatervapormust be evaluated.The diagramscan be
used to obtainthe satumtionwater-vaporcontentof air undervar-
iouspressme and temperatureconditions,althoughusuallythe use
of existingtablesor charts,whichrelatethesequantities(for
example,the pseudoadiabatic chartsof the UnitedStatesWeather
-u), is more convenientunlessthe enthalpyor the mtzqy @
themixtureis also desired.

The vapor-liquidchart (fig.1) or the vapor-solidchart
(fig.2) shouldbe used dependingon whetherthe conditionsare
suchthat equilibriumwould existbetweenliquidand vaporphase-s
(supewooledwater)or solidand vaporphasesat subfreezingtem-
peratures.The MJ?ferencesbetweenthe two chartsare small,
however,becauseof’the low vaporpressuresand consequentlow
saturationcontent6at Wbfreezhg temperatures.The greatestdif-
ferencein vaporcontentsoccursat low pressures;at the pointof
greatestdifferencefor the rangecoveredby theseMollierdiagrams,
the saturationvapr contentwithvapor-liquidequilibriumis
approximately0.019poundper poundof air,whereasthe vaporcon-
tentwith vapor-solidequilibriumat the sametemperatureand pres-
sureis lowerby about0.0015poundpr youndd air.

The methodof usingthe Mollierdiagxamswill varywith the
Individualproblembut the followingdiscussione@Ans the gen-
eralmethodsof application.ti usingthe diagrams,two or more of
the properties,pressure,temperature,enthalpy,entropy,and water

.

A. — -—=. —.. —-.. —. —.— -—-



4 NACA ~ NO. i715

contentof the mixture,till genezallybe lmownat the initial
thermodynamicstate. Theselnmwnvalueswill enablereadingthe
otherthermodynamicpropertiesof a saturatedmixturedirectlyfrom
the charts. E the imitialmixtureccn+ainsliquidwateror ice,
the unvaporizedwaterpresentwill contributeenthalpyand entropy
to the mixture. These contributionsmust be evaluatedin orderto
obtaintheaccumte enthalpyand the entropyof the mixture. The
enthalpycontribution& the’liquidwater is the productof the
specificheat,the liquid-watercontenti,and the temperaturedif-
ferencerelativeto the base t-mture (400°R). The enthalpy
contributiondue to the ice is the productof the ice contentand
the specifioenthalpyof ice (readfrom an auxiliarycurvein
fig. 2). The entropycontributionof the unvaporizedwater-isthe

. productof the liquid-wateror ice contentand the specificentropy
of liquidwateror ice at the temperatureunderconsideration
(readfmmtheauxiliary cume onthe Mollierdiagrama). The
enthalpyand the entropyof the mixtureare then the sumsof the
enthalpyand entropytermsof the saturatedmixtureand the
unvaporizedwater.

The pth betweenthe initialand final statesis determinedby
the natureof the processunderconsideration(constantentropyfor
an isentropicprooess,constantenthalpyfor a throttlingprocess,
and SO forth). The approximateend point canbe readfrom the
lbllierdiagmm ti a singlefinalpropertyis known. Corrections
canthenbe ap@ied to thisapproximatevaluefor any water under-
goinga phasechangeduringthe process. The contributoryenthalpy
and entropytermsare determinedfor the unvaporized-water centent
underthe new conditionsand the chartvaluescorrectedby these
amountsby the use of succ&sive approximationsin orderto obtain
more accurateenthalpyand entropyvaluesfor the mixture. When
the unvaporized-watercontentof a mixtureis low,the enthalpyad
entropycorrectionsare ofteninappreciableand the valuesread
directlyfrom the diagmms may be usedwith adequateaccuracy.

If the water contentof the air is lessthan the saturation ‘
quantity,the p’opetiiesof the mixturecan be directlydetezmdned
fmm simplethermodynamicrelations.When unsaturationoccurs
duringa ~ocess, the IbllierMagnams are applicableto that
portionaf the processti whichthe totalwater contentof the mix-
ture is in excessof the Satwmtion quantity.

The followinge-lea illustratesomeof the problemsthat
canbe convenientlysolvedby meansof the Mollierdiagramsand also
demonstratethemethodsfollowedin calculatingdM’ferentt~es of
process. .

d
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Stagnationconditionsin isentropicflow. - As the first example,
stagnationtemperature,pressure,and water-vaporcontentof a .
air streamis found. The initial’conditionsof the air stream
as follows:

Totalwatercontent,lb/lbair . . . . . . . . . . . . . . . OoO~
Flowvelocity,ft/sec . . . . . . . . . . . . .. m..... 500’
Staticpressure,lb/sq-in.alholute . . . . . . . . . . . . . . 10
Statictmperature,c!R. . . . . . . . ..e. oo. oeeee 500

The followingthermodynamicpnperties correspondto the initial
state (chartvaluesread on fig. 1 at a pressureof 10 lb/sqin.
absoluteand a temperatureof 500°R):

lMhalpy of air pluswatervapor (chart),Btu/lbalr . . . . . 33.1
Water-vaporcontent(chart),lb/lbair . . . . . . . . . . . 0.0078
Liquid-watercontent(0.012- 0.0078),lb/lbair . . . . . . 0.0042
~thalpy of liquidwater (0.0042(T-400)), Btu/lbair . . . . . 0.42
Enthalpyof mixture(33.1+ 0.42),Btu lb air . . . . . . . 33.52

{Entropyof air pluswatervapor (chart, Btu/(lbair)(OR) . 0.0993
Specificentropyof liquidwater (correctionchart),
Btu/(lb)(OR). . . . . . . . . ..O . . . . . . . ..0. 002z2

Ebtropyof liquidwater (O.222x 0.0042),
Btu/(lbair)(OR). . . . . . . . . . . . . . . . . . . ..o.13009

Entropyof mixture(0.0993+ 0.0009),Btu/(lbair)(OR) . . . 0.1002

The enthalpyassociatedwith the stagnationconditionis the
sum of the enthalpyassociatedwith the statictempemture and pres-

sure and the enthalpydue to the ?mtionof the fltidor

v’stagnationenthalpy= staticenthalpy+ —
2Jg

= staticenthalpy+ 4.99

where

T velocity

J Joulefs constant

~ accelerationdue to gravity

it
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Appro~te stagnationvaluescanbe obtainedby neglectingthe con-
tributionof the liquidwaterto the entropyand the enthalpyof the
mixtureat the end of the processand readingvaluesfor the sat-
uratedmixturedirectlyfrom the chartusingthe stagnationenthalpy
and the initialentropyvaluesof the mixture.

Enthalpyof mixture(33.52+ 4.99),Btu/lbair . . . . . . . 38.51
Water-vaporcontent(chart),lb/lbair . . . . . . . . . . . 0.O1O2
Liquid-watercontent(0.01.2- 0.0102),lb/lbair . . . . . . 0.0018
Pressure(chart),lb/sqin. absolute. . . . . . . . . . . . . 1105
Temperate (chart),OR . . . . . . . . . . . . . . . . . . . 511

More accuratestagnationvaluesare obtatiedby correctingfor the
liquidwater in the mixtureat stagnationconditions.

Mtropyof liquidwater (O.244X 0.0018),
Btu/(lbair)(%) . . . . . . . . . . . . . . . . . . ...0.0004

lMtrop of air pluswatervapor (0.1002- 0.0004),
?Btu(lbair)(OR) . . . . . . . . . . . . . . . . . . ...0.0998

lhthalpyof liqtidwater (111x 0.0018),Btu/lbair . . . . . 0.20
lWhal yof air pluswatervapor (38.51- 0.20),

7Btulbair. . . . . . . . . . . . . . . . . . . . . . . . 38.31
Temperature(chat, usingfinal enthalpyand entropy
valuesfor air pluswatervapr), OR . . . . . . . . . . . . 510

Pressure(chart),lb/sqin. absolute. . . . . . . . . . . . . 11.5
Water-vaporcontent(chart),lb/lbair . . . . . . . . . . . 0.0101

EI the foregoingproblem,the valuesfrom the approximate
procedureare almostthe sameas the finalvalues. This smalldif-
ferencebetweenthe firstand secondappwximationsdemonstrates
thatvaluesreaddirectlyfrom the diagramsaffordsatisfactory
accuracywhen the liquid-watercontentis low.

. .

Comparablevaluesfor the stagnationtempentureand pressure
for dry air flowingwith the foregoingvelocity,temperature,and
pressureare

~2
stagnationtemperature= statictemperature+ —

2J~

= 521°R

where Cp is the specificheat at constantpressurefor dry air and

.,
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Psta tion temperature

)

7-1
stagnationpressure= staticpressure statictempemture

= 11.5poundsper squareinchabsolute

where 7 is the mtio of the specificheatsfor dry air. For this
problem,the wet and dry stagnationpressuresare equalwithinthe
accumcy of the chart.

Adiabaticwall temperature.- The adiabaticwall temperature
for the foregoingflow conditionsis desired. The adiabatic
enthalpyat the wall is assumedequalto the staticenthalpyplus
85 percentof the kineticenthalpy.

Staticenthalpy,Btu/lbalr . . . . . . . . . . . . . . . . . 33.52
KineticenthalpyjBtu/lbair . . . . . . . . . . . . . . . . 4.99
Wall enthalpy(33.52+ 0.85x 4.99),Btu/lbair . . . . . . . 37.76

The followingvaluesare readfram the chartfor an enthalpyof
37.76Btu per poundof air and pressureof 10 poundsper squareinch
absolute:

l~ate~vaporcontent,lb/lbair . . . . . . . . ..” . ...0.0103
Liquid-watercontent,lb/lbair . . . . . . . . . . . . ..0.0017
‘Tempemture,OR . . . ..~. . . . . . . . . . . . . . . . .. 507
Enthalpyof liqtidwater,Btu/lbair . . . . . . . . . . . . 0.18
Enthalpyof air pluswater vapor,Btu/lbair . . . . . . . . 37.58

Becauseof the low liquid-watercontent,corrections-dueto it are
insignificant;consequently,the wall temperatureis 507°R. .

Irreversilolethrott~ - The final tempemture and degree
(orpercentage)of saturatitiof a wet mixturefollow@ its expan-
sion in a throttling(constant-enthalpy)processis determined.
The assumedconditionsare as follows:

Totalwater content,lb/lbair . . . . . . . . . . . . . . . 0.01
Initialpres~e, lb/sqin. absolute . . . . . . . . . . . . . 20
Pressurefollo~ expansion,lb/sqin. absolute . . . . . . . 10
lMtialtemperature,oR . . . . . . . . . . . . . . . . . . .. 520

At the initialconditionsthe followingvaluesare obtained:
.

..—- ..— —— —. —.- -—— —. .
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Enthalpyof air pluswatervapor,Btu/lbair . . . . . . . . . 38.4
Water-vaporcontent,lb/lbair . . . . . . . . . . . . ...0.0082
Liquid-watercontent,llo/lbair . . . . . . . . . . . . . .0.0018
Enthalpyof liquidwater,Btu/lbhir . . . . . . ..I . . . ..O.ZZ
Enthalpyof mixture,Btu/lbair . . . . . . . . . . . . . . 38.62

The air becomesunsaturatedbeforeexpansionis completed;conse-
quently,the pressureand the temperatureat which saturationoccurs
must be found..Thesevalues (obtainedfrom the chart,usimg the
totalwater contentand enthalpyof the mitiure)are

Staticpressureat saturation,lb/sqin. absolute . . ... . . 12.4
Saturationtemperature,% . . . . . . . . . . . . . . . ...512

h

For the expansionbeyondthe pointat which saturationoccurs,the
mixhre is continuouslyunsaturated.Consequently,the Mollier
diagramsare not applicableto this part of the process. Becauseno
furtherchangeof phaseof any water in the mitiureoccurs,ohry
thermodynamicrelationsmay be applied;that is, the remaining
expansionoccursat constanttemperature.The finaltemperatureis
therefore512°R. The saturationvaporcontentat this temperature
and finalpressureis 0.0125poundper poundof air. The satumtion
is then 0.010/0.0125or 80 percent.

Ice preventionin engineinlet.- Anotherexampleof the use of
the chartsis the solutionof a uroblemencounteredin calculations
on the preventionof iceformati& in the inductionsystemof an
aircrsftengine. Assumethatan airplaneis taking-offunderthe
followingconditions:

Totalwater content,lb/lbair . . . . . . . . . . . . ...0.008
Ambientpressure,lb/sqb. absolute. . . . . . . . . . . . . . 12
Ambientt=peNture, OR.. . . . . . . . . . . . . . . . .. 490

The staticpressurein the inductionsystemis assumedto drop
isentmopicallyto 8 poundsper squareinchabsolute. The tempera-
tureof the @r flowingthrougAthe systemand the amountof heat
thatmust be added in orderto maintainthe temperatureof the air
abovethe freezingpointwill be found.‘

‘l%isenmple is workedfor two cases. The first caserepresents
conditionsunderwhich the unvaporizedwaterremainsin the form of
supercooledliquid. The secondcaserepresentsconditionsunder
which the unvaporizedwater is in the fozm of ice untilthe addition
of heat. The heat added is assumedsufficientto mise the temper-
atureto the freezingpointand melt all ice in the mixture. In the

.
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first case,figure1 is usedand the resultantvaluesare givenin
the first columnof the followingtables;in the secondcase,the
use of figure2 givesthe valuesin the secondcolumn. The free-
streampropertiesof the air are as follows:

Water-vaporcontent,lb/lbair . . . . . . . .
Unvaporized-watercontent,lb/lbair . . . . .
Mthalpy of air pluswatervapor,Btu/lbair .
Rdhalpy of unvaporizedwater (forcolumn2,
obtatiedby use of curvein fig. 2 for
enthalpyofice), Btu/lbair . . . . . . .. .

Enthalpyof mMmre, Btu/lbair .. . . . . , .
llbtropyof air pluswatervapor,
Btu/(lbair)(%R). . . . . . . . . . . . . .

Entropyof unva~rizedwater,
Btu/(lbair)(%) . . . . . . . . . . . . . .

Eatropyof mixture,Btu/(lbair)(OR) . . . . .

Figure 1 Figure2
● 0.0043 0.0043
. 0.0037 0.0037
● * 26.6 . 26.5

● 0.33 -0.19
: 26.93 26.31

. 0●0735 0.0732

. 0.0007 -0.0003

. 0.0742 0.0729

E the expansionis consideredto occurat constantentropy,the
follo~ approximatevaluesin the inductionsysta are obtained:

Figure 1 I?lgure2
Temperatme, OR...... . . . . . . . . ...452 451
Water-vaporcontent,lb/lbair . . . . . . ...0.0013 0.0009
~vaporized-watercontent,lb/lbair . . . . . . 0.0067 0.0071
MN%opy of unvaporizedwater,
Btu/(lbair)(%).......*.. . . ...0.0008 -0.0009

Correctedvaluesare as follows:

lhtropyof air pluswatervapor,
Btu/(lbair)(%) . . . . . . . . . . . . .

Temperature,OR...... . . . . . . . .
Water-vawr content,lb/lbair . . . . . . .
Unvaporized-water content,lb/lbair . . . .
Enthalpyof air pluswatervapor,Btu/lbair
lMthalpyof unvaporizedwater, Btu/lbair .
lhthalpycd mixhre, Btu/lbair . . . . . .

mgure 1

. . 0.0734

. . . 451

.* 0.0012

. . 0.0068

. . . U*5

. . . 0.35
● . 3.3.85

Fi&e 2

0.0738
452

0.0010
0.0070
13.7
-0.50
1.3.20

(Ifthe desiredaccuracyrequires,thesewater-contentand tempera-
turevaluesMy be wed as appro-te valuesin orderto obtain
more accuratevalues.)

..-— ——. .—. .——. .—— .— .—c ..-. .— ___ ._. _ .— . . . - ---
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In orderto fbd the amount-ofheat requiredto raisethe air
tmmpezaturein the systemto the freezingpoint,a oonstant-~essure
heat additionis assumedto resultin a t-rature af 491.70R at
a ~essure of 8 poundsper squareinchabsolutewith all unva~ofized
waterin the liquidfonu. Otheroorrespndingvaluesare as fo~ows:

Figure1 Figure2
Wate=vapor oontent,lb/lbair . . . . . . . . . 0.0070 0.0069 .
Liquid-watercentent, lb/lbair . . . . . . . . 0.0010 0.0011
@thal y of air pluswatervapor,

TBtulb air . . . . . . . . . . . . . . . . ...30.1 30.1
Enthalpyof liquidwater,Btu/lbair . . . . . . . 0.09 0.10
Euthalpyof mixbure,Btu/lbair . . . . . . . . 30.19 30.20

The heat additionrequiredto preventthe temperaturefrom dropphg
belowthe freezingpoht dur~ the expansionis equalto the
enthalpyclifferen.oe,or

Heat additionrquird, Btu/lbair . . . . . . . 16.34 17.00

CO190LUSIONS

The two Mollierdiagramspresentedare of benafitin the solu-
tion of wet-airPzwbl-. The tempemture and pressure~es
coveredare suohthat the diagram are readilyapplicableto many
themmiynmic and ioingcalculations.Cmsiderable savingin ttie
oanbe effeotedby the use of the diagmms ratherthan Involved
fo-s in the solutionof _ wet-airproblaas,

.

IewisFlight PropulsionIabomtory,
NationalAdvisoryComit~ee for Aeronautics,

Clevelami,Ohio,July 8, 1948.

.
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The valuesof enthalpy,entropy,and water-vaporcontentof
saturatedmixtureswere detemined for use in constructionof the
Mllier diagramsh the followingmanner:

Pressure,temperature,and vaporcontent.- The referencepres- “ ‘
sure chosenfor the Mollierdiagramswas the standaziiE!ICAsea-level
staticpressure(14.696 lb/sqb.). A base tempemture d 400°R
was chose~in ofierthat the data on the themod=ic propertiesof
air givenin reference1 couldbe directlyused in the preparation
of thesechartsand in otierthat thesechartscouldbe used in
conjunctionwith raference1 withouttranafemingfrom one refer-
encetemperatureto another. This choiceof referencetemperature
alsofacilititatesthe use of the chartsbecause.the temperature
zange in whichthe chatiswillbe appliedliesabovethe base tem-
Pemture and the nqcessityof firkingwith both positiveand nega-
tive enthalpyvaluesis therebymtiized.

b the followingcalculations,the air and the amountof water
vaporrequiredto satumte it are considend separately.For a
giventemperature,the saturationpressureof watervaporwas deter-
mined. The saturationpressuresfor the va~r-liquidequilibrium
were obtainedfrom table244 of reference2 (p.563). The corre-
spondingvaluesfor the vapor-solidequilibriawere obtainedfrom
table264 of reference2 (pp.600 &vi 601). The partial.pressure
of air was detemhed as the totalpressureminusthe satution
vaporpressure. The specificvolumeof the air Va was then
obtainedfrom the relation

PaVa = IU’

where

Pa ~rtial pressureof air

R gas constautfor air

T absolutetemperature

The specificvolumeaf water=por for the
total~essure (sumof partialpressureof

sametempe=ture
air and,& watervapor]

was obtainedfrom a similarequation.Becausethe air and the water
vaporoccupiedthe samevolum~}the mtio of the specificvolumeof
air to the specificvolumeof watervaporrepresente&the water-
vapor contentof a satumted mixtureat a givenpressureand temper-
aturein poundsof watervaporper pound@ air.

.>
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Euthalpyand entropyof vapo~saturatedair. - The enthalpyd
the air was read directlyfrom table1 of referenoe1 (PP.4 and 5).
The entropyof the air & was obtainedfrom
ence1, p. 57)

the relation(refer-

0)mc-a
I

1

where

T
v= J >m

400

was obtaineddirectlyfrom table1 of reference1.

The valuesof the enthalpyand the entropyof water vaporwere
calculatedand then,with the water-vaporcontentat saturatim
hewn, the enthalpyand the entropytezmmdue to thisamountof
watervaporwere obtained. Valuesof the enthalpyof water vapor
for temperaturesabovefreezingwere obtaineddirectlyfrom table1
of referdnce3, page 28, and correctedto the referencetemperature
d 400°R. This correctionwas effectedby addingto the tabular
valuesthe enthalpy(relativeto the base temperature)of liquid
waterat the freezingpoint. In the determinationof this co~
rection,the valueof Cp for Mquia water in the mangefrom 400°R
to the freezing~ointwas assumedto be 1.0 Btu per puul waterper
%. Valuesof the enthalpyof waterva~r at subfreezingtempera-
tureswere obtainedby subtractingfrom the freezing-pointvalueof
the enthalpyof vaporthe
of the temperatureof the
temperatureT, or

%,T

enthalpychangeaccompa@ng the lowering
vaporfrom the freezingtemperatureto

= %,f - Cp,v(T@)

where H is the enthalpy,the subscript v denotesthe vapor
phase,and the subscript f indicatesthatthe quantityis eval-
uatedat the freezingtempemture. W applyingthis equation,the
value0.4427Btu per poundper % was uhosenfor Cp,v aftermn-

sicle~tionof the availableexpetietialdata in the -e from
4000R to the freezingpoint.

Entrbpyvaluesfor water vapor ~ ,(relativeto the reference
tewqpxrbureof 400°R) at tempemturesbetween400°R and freezing
were obtaineafram the relation

. .

——— —-—



nAcA TN No. 1713 I-3

.

CD
CD
to

where AH is the changeti enthalpyduringeva~orationat tempen-
ture T. h the calculations,AH was consideredas the differ-
encebetweenthe enthalpiesof liquidwaterand of vaporat temper:
ature T. Yor entropyvaluesof the vaporat tempenturesabove
freezing,valuestakenfrom table1 of reference3 were usesafter
theywere correctedto the base temperatureby addingto the tab-
ular valuethe entropyof liquidwaterat the freezingpointreh-
tive to the referencetemperatureof 400°R.

The valuesof the enthalpyand the entropyof the mizkre per
pouudof air were thenobtaineaas the sumsof the enthalpyand
entropyterms,respectively,due to 1 poundof dry air and the
quantityof watervaporrequiresto satumte it. Thesedatawere .
thenplottedas the ordinateand the abscissain figures1 and 2.
Constant-pressureand constant-tempemtumlineswere plottedon +
the diagramsin orderto relatethe thermodynamicqualities,
enthalpyand entropy,to the physicalstated themixture. Sat-
urationwatepvapor contentswere detemd.neaas functionsof the
pressureand the entropyby meansof crossplots. Linesof con-
dxmt water-vaporcontentwere thenplottedon the figures.

Rltropyof liquidwater.- The auxiliarycurvefor the entropy
& liquidwater in figure1 is baseiion the equation

as+
For a base temperature& 400°R and an ass~ea valueof ~ of
1.0for the zangeof tempenturesup to the freezingtemperature,
the entropybecomes

In detemdnlngthe entropyfor highertemperatures,valuesfrom
table1 of reference3 were Uses in the equation

s=sf+ s-J

where Sf is the entropyat the freezingpointrelativeto 400°R
ma ~ is the valueof the entropyfrom reference3. In fig-
ure 2, the portionof the entropycurvefor liquidwaterat temper-
aturesabovefreezingis the *e as the correspondingportionof
the curveof figure1.

.
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Enthalpyand entropyof ice.- In figure2, the enthalpyand
entropyof ice at subfreezingtempemturesare givenin auxiliary
curves. Mta for both curvesin the temperaturerangebelowfreez
ingwere obtainedfrom table5 of reference3 (p.76).

1.

2.

3.

Keenan, JosephH., and I@ye,Joseph: ThermodynamicProperties
of Mr. JohnWiley& Sons,M., 1945,pp. 57, 4-5.

Dorsey,1?.Ernest: I&opertiesof OrdinaryWater-substance.
ReinholdPub.Corp.,1940,pp. 563, 600-601.

Keenan,JosephH., and Keyes,I?rederickG.:
ertiesof Steam. JohnWiley& Sons,Jnc.,

Thermodynamic
1936,pp. 28,

Prop-
76.
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Figure 1. - Hd.I.ier dlagrem for air WLturated with vatar mpor at vwor-llqLM. ecp.ilibrium c.onditlom,
(A 17- by 22-in. fit

of this figure b attaahad. )
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Figure 2. - MOlliOr diagmm for air 8a@-rated vlth v8tar vqor at vapcm-solid equilibrium for

(A 17- by 22-IL print of thin fi@re is ..ttiwa. )
embfreezing
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